The effects of martensite morphology and tempering on the quasistatic and dynamic deformation behavior of dual-phase steels were investigated in this study. Dynamic torsional tests were conducted on six steel specimens, which had different martensite morphologies and tempering conditions, using a torsional Kolsky bar, and then the test data were compared via microstructures, tensile properties, and fracture mode. Bulky martensites were mixed with ferrites in the step-quenched (SQ) specimens, but small martensites were well distributed in the ferrite matrix in the intermediate-annealed (IA) specimens. Under a dynamic loading condition, the fracture mode of the SQ specimens was changed from cleavage to ductile fracture as the tempering temperature increased, whereas the IA specimens showed a ductile fracture mode, irrespective of tempering. These phenomena were analyzed in terms of a rule of mixtures applied to composites, microstructural variation, martensite softening and carbon diffusion due to tempering, and adiabatic shear-band formation.
I. INTRODUCTION
IN strategic industrial fields such as the defense, automotive, precision machinery, and space aircraft industries, demands for structural materials that can be used under severe conditions like dynamic loading have been increasing. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] The resistance to deformation and fracture under dynamic loading is generally lower than under quasistatic loading, which can fatally affect the overall fracture toughness of structural materials. Thus, detailed studies employing effective and quantitative evaluation should be made to determine how to maintain the deformation and fracture resistance of the materials so that they can be widely applied to various industrial fields.
Dual-phase steels composed of ferrite and martensite have a better deformability than other high-strength low-alloy (HSLA) steels with similar strength. [11] [12] [13] [14] [15] Under quasistatic loading, they are also characterized as having a continuous yielding during plastic deformation, whose strength increases with increasing martensite volume fraction, in accordance with a rule of mixtures like in composite materials.
[12] These studies on dual-phase steels have been primarily concerned with phenomena occurring only under either static or quasistatic loading, but very few studies have been done on the their dynamic deformation and fracture behavior. Particularly in dual-phase steels containing brittle martensites, resistance to deformation and fracture can abruptly drop under dynamic loading rather than under quasistatic loading, and, thus, the dynamic deformation and fracture behavior should be closely examined and evaluated before the steels are applied to deformation processing.
Kim and Lee [5] conducted quasistatic and dynamic torsional tests on dual-phase steels having a step-quenched (SQ) microstructure composed of coarse martensites and an intermediate-quenched (IQ) microstructure composed of fine martensites and reported that fracture was proceeded by cleavage fracture of ferrite in the SQ microstructure under quasistatic loading, whereas fracture occurred by void initiation and growth at martensite/ferrite interfaces in the IQ microstructure. Under dynamic loading, on the other hand, ductile fracture dominated in both the SQ and IQ microstructures, since the ferrite deformation constrained by martensite was released as martensite softened by the deformation heat during dynamic deformation. In order to improve ductility while maintaining the high tensile and yield strengths of dual-phase steels, thus, it is required to strengthen martensite/ ferrite interfaces, to control the crack propagation by softening martensite, and to relieve the deformation constraint of ferrite by martensite. As a means for that, tempering was applied to two kinds of dual-phase steels having different martensite morphologies but the same volume fraction (about 50 vol pct) in this study. Dynamic torsional tests were conducted on them using a torsional Kolsky bar, and the deformed microstructure and fractured surface were observed to investigate various microstructural factors affecting dynamic deformation behavior.
II. EXPERIMENTAL
A HSLA steel bar (diameter: 23 mm) with a tensile-strength level of 500 MPa was used in this study, and its chemical composition was 0.22C-0.22Si-0.77Mn-0.017P-0.011S-0.02Ni-1.06Cr-0.015Cu-Fe (wt pct). In order to obtain dualphase steels with different martensite morphologies, two kinds of heat treatments were used, as shown in Figures 1(a) and (b) . For the step quenching treatment (referred to as "SQ" hereafter), specimens were quenched directly into in the (␣ ϩ ␥) region after the austenitization and were subsequently quenched into water. For the intermediate annealing treatment (referred to as "IA" hereafter), specimens were held in the (␣ ϩ ␥) region for 1 hour and were quenched. An appropriate temperature in the (␣ ϩ ␥) region was selected to be 730 °C and 710 °C for the SQ and IA specimens, respectively, so that they had the same martensite volume fraction of 50 pct. The SQ and IA specimens were tempered at 350 °C and 600 °C, respectively, for 1 hour. For convenience, the untempered, 350 °C-tempered, and 600 °C-tempered specimens are referred to as "SQ0," "SQ3," and "SQ6," or "IA0," "IA3," and "IA6," respectively. After these dual-phase steel specimens were etched by a nital solution, their martensite morphology was observed by an optical microscope and a JEOL* JSM-6330F scanning *JEOL is a trademark of Japan Electronics Optics Ltd., Tokyo.
electron microscope (SEM), and the martensite volume fraction was measured by an image analyzer. Tensile bars with a gage length of 25.4 mm and a gage diameter of 6.3 mm were machined, and tensile tests were conducted at a strain rate of 10 Ϫ4 s
Ϫ1
. The microhardness of martensite and ferrite was also measured using a Vickers hardness tester under a 10-g load.
Thin-walled tubular specimens used for dynamic torsional tests had a gage length of 2.5 mm and a gage thickness of 280 m. The torsional Kolsky bar consists of a pair of 2-m-long 2024-T6 aluminum bars with a diameter of 25.4 mm. In the dynamic torsional test, a certain amount of torque is stored between a clamp and a dynamic loading pulley, and then the clamp is fractured, at which time an elastic shear wave is momentarily transmitted into the specimen, deforming it. In this process, the incident wave, reflected wave, and transmitted wave are each detected by strain gages and recorded at an oscilloscope. Among the recorded wave signals, average shear strain expressed as a function of time (v(t)) is measured from the reflected wave, while shear stress ( (t)) is measured from the transmitted wave. A dynamic shear stress-shear strain curve is obtained from these v(t) and (t) values by eliminating the time term and is smoothed by low-pass filtering, since bumps and wiggles occur in the experimental curves. The shear strain rate during the test was about 1750 s Ϫ1 , and the test was done at room temperature. Detailed descriptions of the dynamic torsional testing are provided in Ref- erences 16 through 19. Fracture surfaces and deformed areas below the fracture surfaces were observed using an SEM after the dynamic torsional tests.
III. RESULTS

A. Microstructure
Figures 2(a) through (c) are optical micrographs of the as-received, SQ0 and IA0 specimens. The as-received specimen has a conventional ferrite-pearlite structure which contains pearlite grains aligned along the rolling direction (Figure 2(a) ). In the SQ0 specimen, bulky martensites (darkgray areas indicated in Figure 2(b) ) coarser than ferrite grains are formed and are mostly aligned along the rolling direction. In the IA0 specimen, martensites whose sizes are smaller than those of the SQ0 specimen are homogeneously distributed in the ferrite matrix, as can be seen in Figure 2(c) . The volume fractions of martensite are 52.1 and 49.6 pct for the SQ0 and IA0 specimens, respectively. This confirms that both the specimens have similar martensite volume fractions.
These two dual-phase steel specimens have different martensite morphologies, because the structure existing before annealing in the (␣ ϩ ␥) region is different in each case. In the SQ0 specimen, the structure existing before annealing is austenite, and ferrites form along austenite grain boundaries and grow into austenite grains as the temperature drops to the (␣ ϩ ␥) region. Thus, martensites are coarsened after annealing and quenching. On the contrary, in the IA0 specimen, the structure existing before annealing is ferrite and pearlite. When it is heated to the (␣ ϩ ␥) region, austenites are nucleated at carbide/ferrite interfaces and quenched to form martensite and ferrite, whose grain sizes are similar to those of the as-received specimen. Both the SQ0 and IA0 specimens have a band structure having the same direction to the initial band structure of the as-received specimen. The spacing between bands is somewhat larger in the SQ0 specimen than in the IA0 specimen, because of the coarse grain size in the SQ0 specimen.
Figures 3(a) through (c) are optical micrographs of the SQ0, SQ3, and SQ6 specimens, respectively. Martensite laths are developed inside coarse martensites in the SQ0 specimen (Figure 3(a) ). As the tempering proceeds, martensite laths are decomposed, and carbides are precipitated, as shown in Figures 3(b) and (c).
B. Hardness and Tensile Properties
The microhardness of martensite and ferrite and the martensite-to-ferrite hardness ratio were measured, and the results are shown in Table I . As the tempering temperature increases, the hardness of ferrite stays constant, but the hardness of martensite decreases significantly. In the case of the SQ6 and IA6 specimens tempered at 600 °C, the hardness of martensite drops to as low as 50 pct of the untempered SQ0 and IA0 specimens. Irrespective of tempering, the SQ specimens show a higher hardness of martensite than the IA specimens by about 30 to 100 VHN, while their hardness of ferrite does not vary. Thus, the martensite-to-ferrite hardness ratio is also higher in the SQ
